Oxygen Uptake, Etiolated Leaves, Photooxidation Changes in oxygen evolution or uptake in illuminated plastids were studied during the early stages of greening in etiolated leaves. An oxygen uptake was observed in etioplasts, which persisted even after the appearance of oxygen evolution. This oxygen uptake was most pronoun ced in etioplasts or in plastids prepared after redarkening the plants. Incubation of pre-illuminated etioplasts in the presence of NADPH resulted in an inhibition of the uptake in a subsequent illumination. Addition of NADPH had three further consequences: a shift of the chlorophyllide absorbance band to 682 nm, an inhibition of pigment photodestruction and the appearance of a light-induced fluorescence transient at room temperature. Inhibition of pigment photodestruction by NADPH was maximal when the experimental conditions favoured the formation of the P682 chlorophyllide-protein.
Introduction
Illum ination of etiolated leaves from higher plants results w ithin a few seconds in the p h o to red u c tio n of p rotochlorophyllide. U n d er prolonged illum ination, chlorophyll accum ulates and the photo sy n th etic a p p aratu s starts to develop. T he appearan ce of the abil ity to evolve oxygen in the light is a m ulti-step p ro c ess including light and dark reactions o p eratin g in a defined sequence. W e w ere recently able to show th a t preillum ination of leaves by two 5 m in w hite light p eriods, spaced ap art by a 90 m in dark interval, enables isolated plastids to evolve oxygen in the light. A typical K ok-Joliot p a tte rn is o b ta in ed w hen oxygen is m easured as a consequence of sho rt sa t urating light flashes [1] .
A n o th e r light reaction which also occurs in such slightly greened organelles is a light-induced oxygen u p tak e. It was first described in etio lated leaves by G ab rielsen et al. [2] and by M adsen [3] . F u rth e r obAbbreviations: NADPH, nicotinamide adenine dinu cleotide phosphate; TES, 2([2-hydroxy-l,l-bis(hydroxymethyl)ethyl]-amino) ethane sulfonic acid; HEPES, 4-(2-hydroxyethyl)-l-piperazine-ethane sulfonic acid.
Reprint requests to Prof. Dr. G. H. Schmid. Verlag der Zeitschrift für Naturforschung, D-7400 Tübingen 0341 -0382/85/0009 -0699 $01.30/0 servations on this oxygen u p tak e in etioplasts w ere carried o u t by R edlinger and M cD aniel [4] w ho as cribed this p h en o m en o n to pigm ent p h o to o x id atio n , although no direct p ro o f was p resen ted . T h eir as sum ption seem s, how ever, plausible since it is know n th a t native chlorophyll(ide) m olecules are easily bleach ed [5] and th a t the trip let state of ch lorophyl lide is easily p o p u la ted in illum inated etioplasts [6] .
T he fact th a t oxygen evolution is now d etected very soon in th e course of d evelopm ent raises th e q u estio n w eth e r oxygen u p tak e o bserved u n d er such conditions is to be associated w ith pigm ent bleaching o r w ith som e p recu rso r activity of photosystem II, since an oxygen u p tak e has recently been observed in p h o to sy stem II of blue-green algae [7] ,
In th e p rese n t p ap er, we describe the m odifica tions of th e oxygen exchanges of plastids isolated from leaves at progressive stages in th e beginning of th e greening process. W e provide experim ental evi dence th a t th e oxygen u p tak e which takes p art in th ese exchanges is due to pigm ent p h o to d estru ctio n . W e show th a t N A D P H , which is know n to be the red u c tan t in p ro to ch lo ro p h y llid e reduction [8] , plays an im p o rta n t role in preserving the pigm ents from p h o to o x id a tio n . This result is discussed in term s of th e specific effect of the nucleotide on the pigm entp ro tein com plexes.
E tiolated oat plants A ven a sativa w ere grow n on soil for seven days in com plete darkness at 24 °C. T he seedlings w ere eith er used directly in the e x p e ri m ent o r tran sferred to w hite light (800 lux) for the indicated length of tim e.
Plastid preparations w ere o b tain ed from cut-off leaf sections of the plants. T he entire p rep a ra tio n was carried out in green safety light according to the pro ced u re described earlier [1] , B leaching e x p e ri m ents w ere carried out w ith etioplasts p re p a re d in the sam e way but resuspended in a buffer p H 7.5 containing 20 mM T E S , 20 mM H epes, 1 mM M gC l2 and 5% glycerol, causing lysis of the plastids. B ro k en etioplasts w ere then precipitated by centrifugatio n at 6000 x g for 10 min and resuspended in the sam e buffer w ith 0.6 m sucrose added. T hey w ere eith er used directly for m easurem ents or sto red at -2 0 °C.
O xygen m easurem ents w ere carried o u t by p o larography with the three-electrode-system d e scribed by Schmid and T hibault [9] . D uring the m easu rem en ts, osm otic integrity of the plastids was m aintained by suspension in buffer pH 7.5 co n tain ing 20 mM T es, 20 mM H epes, 1 mM M gCl2 and 0.5 m sucrose. E lectrolyte (KC1) co ncentration was a d justed to 0.1 M.
Illum ination for pigm ent bleaching m easu rem en t was provided by a L E IT Z p ro jec to r equ ip p ed w ith a bro ad red filter and a heat absorbing filter. Light intensity was about 3.5 x 105 ergs • cm -2 • sec-1.
A b so rp tio n spectra w ere m easured at + 5 °C in a P erk in -E lm er sp ectro p h o to m eter.
Fluorescence m easurem ents w ere perfo rm ed u n d er blue light in the device described in [10] ,
Results
W hen etio la ted leaves w ere slowly g reened u n d er a regim e of successive 5 m in illum ination perio d s, se p arate d by 2 hours dark periods, oxygen evolution rapidly developed, to g eth er w ith chlorophyll ac cum ulation. Fig. 1 shows the oxygen p attern s o b tain ed u n d er continuous light and u n d er sh o rt light flashes of plastids p rep ared of etio lated leaves e ith e r at the end of the dark period or w ithin a sho rt tim e after each of the th ree preillum ination p eriods. If one tak es out the first preillum ination, w hich does not lead to any ability to evolve oxygen, the effect of each preillum ination period seem s to be an e n h a n c e ev o lu tio n p roceeds according to K o k 's m echanism as soon as it ap p ears (if one disregards the abnorm ally long life-tim e of the S3 state [1] ).
T h e n atu re of the oxygen u p ta k e, seen after each d ark p erio d , is puzzling. In etioplasts, such an oxy gen u p ta k e was tentatively ascribed by R edlinger and M cD an iel [4] to a photooxidation of both protochlo ro p hyllide and chlorophyllide. This assum ption w as m ade on the basis that the rate of uptake d e creased to g e th e r with increased pigm ent bleaching. H o w ev er, this correlation could have been purely coin cid ental since it would have occured in the case of any pigm ent-sensitized p hotoreaction. F u rth e r m o re, th e u p ta k e was not observed when the leaves w ere irra d ia te d for a short tim e directly before etioplast isolation. This fact, which is confirm ed by our d ata in Fig. 1 , rem ained unexplained. It shows th at th e o ccurrence of an uptake depends on w hatever p ro to ch lo ro p h y llid e reduction tak es place in the in tact leaf o r in the isolated plastids.
In th e leaf, protochlorophyllide reduction is fol low ed by tw o successive dark spectral shifts of the p ro d u ct chlorophyllide: a rapid shift from P678* to P682 is follow ed by a slow shift from P682 to P673 [11, 12] . In isolated plastids the rapid shift does not occur an d P 678 is directly transform ed to P673 w ithin som e 30 m in. It has been show n, how ever, that the fo rm a tio n of P682 also occurs in isolated plastids provided N A D P H is ad d ed to the m edium [8, 13] , In this case, P682 is stable for at least 2 hours at 0 °C. Since ad d i tio n o f N A D P H to isolated plastids thus restores the ability to p roduce the P682 chlorophyllide form , n o r m ally fo und in the intact leaf, we have m easured the rate of oxygen uptake and the extent of pigm ent p h o to d e stru ctio n in plastids in the presence and absence of N A D P H .
B ro k en etioplasts with a high active/non-active p ro to ch lorophyllide ratio w ere first irradiated by a 15 sec red light pulse w ith o r w ithout N A D P H (1 mM) in o rd e r to transform all the active p ro to ch lo ro p hyllide into chlorophyllide. T hey w ere then in c u b ate d in darkness for 20 min on ice. T he a b so rp tio n m axim um of chlorophyllide was found at 673 nm in the n on-treated sam ple while it was lo ca te d at 682 nm in the sam ple supplem ented with N A D P H (Fig. 2A ) . U pon illum ination w ith red light, th e n o n -tre ated sam ple exhibited a large oxy-* Px stands for the pigment-protein complex whose ab sorption maximum is located at X nm. gen u p ta k e. A fter 10 min illum ination its pigm ent co n ten t d ecreased to ab o u t 8% of its initial v alue, as show n by com parison of th e ab so rp tio n sp ectra of m eth an o l extracts o f plastids w hich w ere illum inated an d no t-illu m in ated . In th e sam ple su p p lem en ted w ith N A D P H , th e oxygen u p ta k e was red u ced by 40% w hile ab o u t 55% of th e pigm ents still rem ain ed ( Fig. 2B and C) . A n o th e r light-induced reactio n which d ep en d s on the presence o f N A D P H is th e chlorophyllide "m i crocycle" described by F ran ck an d Inoue [14] and by S ironval et al. [15] . T his m icrocycle consists in a lightin d u ced , d ark -rev ersib le spectral shift on th e P682 chlorophyllide, associated w ith a room te m p eratu re fluorescence tran sien t. In plastids, it occurs only upon addition of N A D P H since th e p resence of the red u ced n ucleotide is req u ired for the fo rm atio n of the P 682 chlorophyllide and sensitizer of the reaction. Fig. 2D shows th a t th e fluorescence variation w hich reflects this m icrocycle is in d eed observed in the sam ple tre a te d w ith N A D P H , while the control sam ple show ed a higher fluorescence yield slowly decreasing w ith th e illum ination tim e.
T hese results confirm th a t oxygen u p tak e in etioplasts is related to pigm ent p h o to o x id a tio n , since an external factor such as N A D P H affects b oth p h en o m en a in the sam e way. It shows fu rth e rm o re th a t in such a p rep a ra tio n the P682 form is m uch less subject to p hotooxidation than the P 673 form and sug gests th a t the use of light energy in the chlorophyllide m icrocycle (w hatever the fate of the abso rb ed light is in this reaction) avoids photo o x id atio n .
T he coincidence of the tw o effects of N A D P Hnam ely form ation of P682 and inhibition of pho to o x i dation -could how ever be fo rtu ito u s, since it w ould be conceivable th a t the inhibition of pigm ent p h o to oxidation is the consequence of increasing the redox p otential by N A D P H addition w ithout any specific ity of this m olecule. F u rth e r experim ents clearly show ed th a t a large effect o f N A D P H on ph o to o x i dation was only seen in the case w here the exp eri m ental conditions favoured also the form ation of P682. In this sense we took advantage of the fact that:
a. the form ation of P682 hardly occurs if N A D P H is added after com pletion of the shift to P673; b. heating the sam ple for 5 min at 50 °C after or p rior to the addition of N A D P H inhibited the fo rm a tion of P682.
The absorption m axim um of the chlorophyllide b and before the 10 m in of bleaching irrad iatio n and the relative concentration of the rem aining chlorophyllide after irrad iatio n are given in T able I, for each of the indicated p re tre a tm e n ts. R elative chlorophyllide concentrations w ere calculated on the basis of the absorption spectra of m eth an o l extracts, by com parison w ith a control sam ple w hich was su b m itted to th e sam e trea tm e n ts except th a t the 10 min bleaching irradiation was replaced by a second 15 sec light pulse (this light pulse was given in o rd e r to reduce any active protochlorophyllide eventually reg e n erated during the d ark incubation tim e).
The d ata clearly d em o n strates th at th e largest inhibition of pigm ent bleaching in the p resen ce of N A D P H corresponds to the occurrence of a chlorophyllide absorption m axim um at 682 nm . It seem s, h ow ever, that in the sam ple h eated in th e presence of N A D P H , chlorophyllide is also so m e
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520 600 680 A (nm) Fig. 3 . Effect of sodium dithionite on the ab sorp tion s p e c trum of methanol extracts of etioplasts which were first illuminated by a 15 sec red light pulse and then incubated on ice in darkness for 20 min. The plastids were then either kept in darkness for further 10 min (a) or illuminated for 10 min by red light in the presence of sodium dithionite (2 mg/ml added immediately before the illumination (b) or without addition (c)). The etioplast suspensions were first illuminated by a 15 sec red light pulse (time 0 = before the red pulse) and then incubated in darkness for 40 min. Heat treatment (5 min at -I-55 °C): the sample was first heated and then kept in ice for 35 min (A) or was first kept in ice for 35 min and then heated (B).
w hat p ro te c te d from p hotodestruction, although to a m uch lesser extent than in the n ot-heated sam ple. A tte m p ts to inhibit pigm ent bleaching by rem oval o f oxygen w ere also m ade. This was done by adding sodium d ith io n ite at a concentration of 2 m g/m l. A d dition of this product had a dram atic effect on the pigm ent com position of th e sam ple afte r illu m ination by 10 min red light. T he am plitude of the red ab so rp tio n bands in m ethanol extracts was higher th a n in th e sam ple illum inated w ithout dithionite, but th e chlorophyllide band norm ally located at 665 nm was shifted to 658 nm .
Discussion
In g reen plants, carotenoids have been show n to p ro tec t chlorophyll against photooxidative d estru c tion [16, 17] . A lthough etioplasts contain a large am o u n t of carotenoids, the native chlorophyll(ide) is easily d estro y ed by light, as well as protochlorophyl(lide) [4, 5] , F or som e structural reason, c a ro ten o id s are thus not able to exert their protective role at this stage.
In etioplasts, protochlorophyll(ide) and chlorophyll(ide) are present in form of pigm ent-protein com plexes located in the prolam ellar body and in the p ro th y lak o id s [18, 19] , N A D P H plays an essential role fo r th e properties of these com plexes by acting as a co facto r in the ph o to red u ctio n of protochlorophyllide and by prom oting the chlorophyllide spec tral shift to P682 [8, 13] . A p a rt from these specific effects of the nucleotide, redox potential effects have also b een rep o rted . L ow ering the redox po ten tial to a ro u n d -350 mV stabilizes the photoactive protoch lorophyllide P678 [20] . H ow ever, the form ation of chlo ro p hyllide P682 in etioplasts has up to now only b een o b serv ed in the presence of N A D P H .
T he effect of N A D P H , rep o rted here, nam ely th a t o f a sim ultaneous inhibition of the oxygen u ptake an d of pigm ent bleaching strengthens the hypothesis th a t th e oxygen uptage, always observable in young, g reen in g plastids is well due to photooxidation. T o explain this particular effect of N A D P H , one may co n sid er the simple fact th a t lowering the redox p o ten tial of the m edium m ight m ake oxidation rea c tions less probable. It is also know n th at the triplet state of chlorophyll o r chlorophyllide can sensitize a large v ariety of reversible reduction reactions in vitro, w hich m ight be fav o u red by the presen ce of N A D P H [21, 22] , T h e results show n in T able I strongly suggest, how ever, th a t th e effect of N A D P H has to be co n sidered as an in teractio n w ith the pig m en t-p ro tein com plexes ra th e r than as a direct in teractio n w ith the pigm ent alone. In d eed , efficient inhibition of p h o to d e stru ctio n by N A D P H was only observ ed in the case w here its addition resu lted in the ab so rp tio n shift to 682 nm o f th e plastids su sp en sion, i.e. in n o n -h ea ted sam ples or in sam ples which did n ot yet u n d erg o th e S h ib ata shift to P673.
This view is su p p o rted also by the fact th a t, during slow greening u n d er 5 m in light -2 h darkness cycles, th e oxygen u p ta k e is m ainly o bserved w hen p lastids are p re p a re d after a d ark p eriod (Fig. 1) . In this case, sam ple illum ination results in th e reduction of th e reg e n erate d p ro to ch lo ro p h y llid e w ith o u t fo r m ation of the P682 species. O n th e o th e r h an d , p re illum ination of th e intact leaves allows th e norm al pathw ay to occur in the leaves. T h erefo re, th e oxy gen u p tak e is less p ro n o u n ce d in plastids p rep a re d a sh o rt tim e after each preillu m in atio n .
Follow ing this in te rp re ta tio n , o ne w ould predict th a t, in w hole leaves, w here th e two chlorophyllide species ap p e ar in series, chlorophyllide P682 w ould be less easily b leached th an chlorophyllide P673. Axelsson [5] re p o rte d th e o p p o site result. H o w ev er, close exam in atio n of th e ex p erim en tal p ro ced u re used re veals th a t any light-induced chlorophyllide blue shift w ould have b een co m p u ted as pigm ent p h o to d e stru ctio n . W e know now th a t such a blue shift occurs w ith o u t p h o to d e stru ctio n u p o n illum ination of the P682 species [14] , T h e re fo re , the o b serv atio n of A xelsson should be rein v estig ated .
T he effect of so d iu m -d ith io n ite on th e pigm ent com position of illu m in ated etioplasts is n ot trivial. Since ad d itio n of this co m p o u n d leads to a decrease of th e oxygen co n c en tra tio n in th e m edium , an in h ib ition of pigm ent bleaching is expected. T he red a b so rp tio n b an d in m eth an o l decreases indeed less in this case th an in th e co n tro l, b ut it is shifted to sh o rte r w avelengths, indicating th at th e pigm ent is no m o re chlorophyllide. T h e ap p earan ce of a sh o u l der aro u n d 525 nm m ight indicate the fo rm atio n of p h eo p h y tin o r of a red u ced species of chlorophyllide [23, 24] , T he q u estion rem ain s w hat function belongs to the chlorophyllide m icrocycle described by F ran ck and In o u e [14] , T he chem ical n atu re of this p articu lar p h o to rea ctio n is n o t u n d ersto o d at the p rese n t tim e. O u r data suggest th a t it m ight com pete w ith pigm ent p h otooxidation since it is o b served to g e th e r w ith the inhibition of pigm ent bleaching upon addition of N A D P H . In the intact etio la ted leaf, this m icrocycle is repeatedly observed upon successive illum inations. O ne of its possible physiological role could be th e
